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Abstract
Higher cognitive function reflects the interaction of a networkofmultiple brain regions. Previous investigationshave plotted out
these networks using functional or structural connectivity approaches. While these map the topography of the regions
involved, they do not explore the key aspect of this neuroscience principle—namely that the regions interact in a dynamic
fashion. Here, we achieved this aim with respect to semantic memory. Although converging evidence implicates the anterior
temporal lobes (ATLs), bilaterally, as a crucial component in semantic representation, the underlying neural interplay between
the ATLs remains unclear. By combining continuous theta-burst stimulation (cTBS) with functional magnetic resonance
imaging (fMRI), we perturbed the left ventrolateral ATL (vATL) and investigated acute changes in neural activity and effective
connectivity of the semantic system. cTBS resulted in decreased activity at the target region and compensatory, increased
activity at the contralateral vATL. In addition, there were task-specific increases in effective connectivity between the vATLs,
reflecting an increased facilitatory intrinsic connectivity from the right to left vATL. Our results suggest that semantic
representation is founded on a flexible, adaptive bilateral neural system and reveals an adaptive plasticity-based mechanism
that might support functional recovery after unilateral damage in neurological patients.
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Introduction
Human higher cognitive function is not localized to single brain
region but, rather, reflects the interaction of a network ofmultiple
brain regions that act in concert to achieve flexible cognitive be-
haviors. Previous studies have demonstrated these brain net-
works using functional or structural connectivity approaches
(Honeyet al. 2009; van denHeuvel et al. 2009).While these studies
provide the topology of brain networks, they pretermitted a key
aspect of this neuroscience principle: how brain regions interact
in a dynamic fashion to achieve cognitive function. Here, we ex-
plored this issue targeting a higher cognitive function, semantic
memory, by employing a combination of transcranial magnetic
stimulation (TMS) and fMRI.
Semantic memory refers to our collective knowledge about
words, pictures, objects, people, emotions, etc. The neural basis
of semanticmemory reflects a large-scale network of distributed,
interconnected brain regions (Patterson et al. 2007; Binder et al.
2009). Accumulating, convergent evidence indicates that among
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these brain areas, the ATLs act as a transmodal hub (Lambon
Ralph et al. 1999; Bozeat et al. 2000; Chan et al. 2001; Coccia
et al. 2004; Pobric et al. 2007; Lambon Ralph and Patterson 2008;
Pobric et al. 2009, 2010a, 2010b, 2010c; Binney et al. 2010; Peelen
and Caramazza 2012) which interacts with distributed modal-
ity-specific association regions to generate coherent, generaliz-
able semantic representations (Lambon Ralph and Patterson
2008; Lambon Ralph, Sage, et al. 2010). While the key regions
within the semantic network have been localized, we know
very little about the functionally related interactions within
this network and how these generate a relatively robust system
capable of withstanding partial damage (e.g., as observed in pa-
tients with partial unilateral ATL damage) (Lambon Ralph, Cipo-
lotti, et al. 2010; Schapiro et al. 2013). Therefore, by using a
combination of TMS, fMRI, and connectivity analyses, this
study investigated the flexible, adaptive nature of the bilateral
neural system for semantic representation.
Repetitive transcranial magnetic stimulation (rTMS) over left
or right ATL generates slowed rather than interrupted semantic
performance in healthy participants (Pobric et al. 2007, 2009,
2010a, 2010b, 2010c). Likewise, patients with unilateral ATL dam-
age (either left or right) exhibit mild semantic impairment on
sensitive timed assessments but perform much better overall
than thosewith bilateral temporal damage (Lambon Ralph, Cipo-
lotti, et al. 2010; Bi et al. 2011; Lambon Ralph et al. 2012). These
findings mirror seminal investigations of unilateral versus bilat-
eral ATL resections in nonhuman primates and 1 human case
(Brown and Schafer 1888; Klüver and Bucy 1939; Terzian and
Ore 1955) inwhich unilateral resection generated only a transient
multimodal associative agnosia, whereas bilateral resection led
to devastated semantic performance. These findings imply that
the bilateral ATL semantic system is configured to be a dam-
age-resistant, robust system.
The neural mechanism, by which the ATLs interact with each
other and other regions to underpin semantic function in the in-
tact and partially damaged situation, remains unclear. Formal
computational explorations of a bilaterally configured ATL seman-
tic system suggest that dual representational hubs lead to an in-
herently greater robustness to unilateral than bilateral damage
(evenwhen total damage is held constant) and that this difference
is magnified through long-term plasticity-related changes post-
damage (as observed in unilateral patients) (Schapiro et al. 2013).
Additional clues come fromastudyofpatientswithvariable recep-
tive language skills poststroke (Warren et al. 2009); overall, the pa-
tients showed a decrease in inter-ATL functional connectivity
relative to healthy controls. More importantly, their comprehen-
sion performance was predicted by the degree of remaining ATL
interconnectivity, such that thosewithpreservedATL connectivity
exhibited the best language performance.
In the current study, we investigated the neural interactivity
underpinning the semantic system through a combined TMS-
fMRImethodology. This approach explores how focal perturbation
of a target region affects neural activity and effective connectivity
across the network of functionally connected regions. In the first
experiment, we applied a virtual lesion delivered by cTBS in
healthy participants to confirm that cTBS over the left vATL in-
duces an inhibitory effect on semantic performance as 1 Hz
rTMS has been shown to in previous studies (Pobric et al. 2007,
2009, 2010a, 2010b, 2010c). Having confirmed the effect of vATL
cTBS on semantic cognition, we then combined cTBS with fMRI.
This “perturb-and-measure” approach (Paus 2005) has been suc-
cessfully implemented in the motor domain to demonstrate that
rTMS both decreased neural activity at the stimulated site and in-
duced increased task-related activity in the nonstimulated
hemisphere (Lee et al. 2003; O’Shea et al. 2007). The researchers
suggested that the upregulation in nonstimulated hemisphere re-
flected adaptive short-term compensatory plasticity that may
underlie functional recovery after stroke. Accordingly,we expected
that cTBS over the left vATL would suppress semantically related
neural activity at the target region and induce upregulation in
the homologous right vATL as well as, potentially, in other parts
of the semantic network. To test whether the upregulation of the
right vATL reflected adaptive short-term plasticity, we used dy-
namic causal modeling (DCM) of our fMRI data. We hypothesized
that if the upregulation of the right vATL is linked with an acute
compensatory reorganization, we should expect increased facilita-




Thirty-five healthy individuals participated in this study, with 10
participants in the behavioral experiment (4 males, mean age,
22.8 ± 2.9 years, range from 20 to 28 years) and 25 in the fMRI ex-
periment (7males, mean age, 21.9 ± 3.7 years, range from 19 to 34
years). Data from 2 participants in the fMRI experiment were dis-
carded because of excessive head movements (over a voxel). All
participants were native English speakers and right handed (Old-
field 1971). Written informed consent was obtained from all par-
ticipants. The experiment was approved by the local ethics
committee.
Behavioral Experimental Design and Procedure
All participants performed a synonym judgment task and a num-
ber judgment task as a control task. The synonym judgment task
was adapted from theprevious offline-rTMSand fMRI studies tar-
geting ATL (Pobric et al. 2007, 2010a, 2010b, 2010c; Binney et al.
2010; Visser et al. 2012). The task required participants to select
which of 2 words was more related in meaning to a probe word.
In each trial, 3 words were presented on the screen, a probe (e.g.,
handy) on the top, the target word (e.g., functional), and the unre-
lated word (e.g., receptive) at the bottom. The 3 words in each trial
were matched for imageability (P = 0.46), word frequency (P = 0.99),
and word length (P = 0.62). The number judgment task was de-
signed tomatch the synonym judgment task for general difficulty
level, which was also adapted from previous studies. Participants
were asked to select 3digit numbers (e.g., 325 and367) thatwasclo-
ser to the probe number (e.g., 358) in numerical value.
Participants received TMS stimulation at the left vATL or con-
trol site on different days (counterbalanced across participants).
The experiment consisted of 2 sessions, the baseline (no-TMS)
session and the after TMS session. The baseline sessionwas con-
ducted before or 1 h after the TMS session, and the order of ses-
sions was counterbalanced across participants to control TMS
and order effects. Each session contained both tasks, each of
which had 60 trials. The trial started with 500 ms fixation, then
the stimuli were presented until response or 3000 ms. The
order of trials was randomized. E-prime software (Psychology
Software Tools Inc., Pittsburgh, PA, USA) was used to display
stimuli and to record responses.
fMRI Experimental Design and Procedure
All participants had 2 separate sessions on different days (for
vATL or control site stimulation). The fMRI scan had 2 runs and
each run consisted of 15 blocks of synonym judgment task
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interleavedwith 15 blocks of number judgment task. Between the
task blocks, there were fixation blocks for 8 s. A task block was
composed of 4 trials of each task. Each trial started with 1 s fix-
ation followed by the stimuli presented for a fixed duration of
3 s. The total time of a run was 12 min. The run required the
participants to press one of 2 buttons designating 2 choices in a
trial. The tasks were as same as the behavioral experiment.
Prior to each fMRI session, all participants received cTBS ac-
cording to the stimulation sites outside of the scanner. Immedi-
ately after the stimulation, we transferred participants to the
scanner, such that the first fMRI run started 8 min after the last
cTBS pulse (Fig. 1).
Transcranial Magnetic Stimulation
We applied cTBS (600 pulses at 50 Hz for 40s) at the stimulation
sites with 80% of the individual resting motor threshold (RMT).
RMT was defined as a minimal intensity of stimulation inducing
motor-evoked potentials in the contralateral FDI muscle in at
least 5 of 10 stimulation trials at the optimal scalp position.
cTBS was conducted using a figure of 8 coil (70 mm diameter)
connected to a MagStim Super Rapid stimulator (The MagStim
Company, Whitland, UK). The average stimulation intensity
(80%of RMT)was 49.4% ranging from38% to 62% in the behavioral
experiment and 49.1% ranging from 36% to 61% in the fMRI
experiment.
Prior to the experiment, all participants were scanned to ob-
tain a high-resolution T1-weighted anatomical image using a
3 T Philips MR Achieva scanner. The image had an in-plane reso-
lution of 1 mm and a slice thickness of 1.8 mm with an acquisi-
tion matrix 256 × 256 voxels. To cover whole head, the number
of slices was manipulated depending on head size.
Previous rTMS studies have used a lateral ATL stimulation site
10 mm posterior to the tip of temporal pole on the middle tem-
poral gyrus (Pobric et al. 2007; Pobric et al. 2009, 2010a, 2010b,
2010c). This area was chosen to fall squarely within the broader
ATL region that is commonly atrophied in semantic dementia pa-
tients (Binney et al. 2010). However, recent distortion-corrected
fMRI studies (Binney et al. 2010; Visser et al. 2012) have shown
that there are graded differences in the activation pattern across
the ATL region with the maximal peak activation in the ventral
ATL region. Thus, we selected the coordinate for the vATL from
a previous distortion-corrected fMRI study (Visser et al. 2012)
and the peak coordinate of the left vATL was [−57, −15, −24]
(MNI; Montreal Neurological Institute). To make sure of targeting
the vATL (located on the inferior temporal gyrus), we modified
the coordinate to [−57, −15, −34] (Fig. 2a) and transformed this
vATL coordinate to each participant’s native space. This was
achieved by normalizing each participant’s MRI scan against
the MNI template using Statistical Parametric Mapping software
(SPM8, Wellcome Trust Centre for Neuroimaging, London, UK).
Then, the inverse of each resulting transformation was used to
convert the group MNI coordinate to the untransformed individ-
ual naïve space coordinate. These native-space vATL coordinates
were used to guide the frameless stereotaxy, the Brainsight TMS-
MRI co-registration system (Rogue Research, Montreal, Canada).
The occipital pole (Oz) was used as a control site using inter-
national 10–20 system.
fMRI Acquisition
All imaging was performed on a 3 T Philips Achieva scanner
using an 8-element SENSE head coil with a SENSE factor 2.5.
To compensate the signal dropout around rostral temporal
Figure 1. cTBS-fMRI experiment. (a) Procedure of an fMRI session. (b) Design of an fMRI block. (c) A schematic of the paradigmused in both synonym judgment andnumber
judgment task.
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cortices, weutilized a dual-echo fMRI protocol developed byHalai
et al. (2014). The fMRI parameters included 42 slices, 96 × 96 ma-
trix, 240 × 240 × 126 mm FOV, in-plane resolution 2.5 × 2.5, slice
thickness 3 mm, and TR = 2.8 s. The 2 echo times were a short
TE, 12 ms and a long TE, 35 ms. The total volume of 1 run was
258. A high-resolution T1-weighted structural image was ac-
quired using a 3D MPRAGE pulse sequence with 200 slices, in-
planed resolution 0.94 × 0.94 mm, slice thickness 0.9 mm, TR =
8.4 ms, TE = 3.9 ms.
fMRI Analysis
First, the dual gradient echo images were extracted and com-
bined using in-house MATLAB code (Halai et al. 2014). SPM8
was used for all preprocessing and the general linear model
(GLM) analysis. Functional images were corrected for motion ar-
tifacts and different signal acquisition times by shifting the sig-
nal measured in each slice relative to the acquisition of the
middle slice prior to combining the short and long echo images.
The individual T1-weighted image was coregistered to the mean
functional EPI image and segmented using the DARTEL (diffeo-
morphic anatomical registration through an exponentiated lie
algebra) toolbox (Ashburner 2007). DARTEL provided gray and
white matter templates that represent the brain size and shape
of all participants and invertible and smooth deformations
(flow fields) for each individual’s native space image to this
common coordinate space. Then, normalization was performed
using DARTEL to wrap and reslice images into MNI space
resampled to 1.5 × 1.5 × 1.5 mm voxel size. The functional
images were normalized to this T1-weighted image and resam-
pled to 3 × 3×3 mm voxel size. Smoothing was applied with an
8 mm full-width half-maximum Gaussian filter.
Statistical analyses were carried out using a GLM. The 2 runs
were analyzed using a fixed-effects model consisting of each task
condition (semantic judgment, number judgment, and fixation)
and motion parameters as regressors. Contrast images were com-
puted to assess differences in activations between the semantic
task and the control task (semantic judgment > number judgment)
for each participant. Multisubject analyseswere conducted using a
random-effect model. Statistical threshold was set at P < 0.001 at
the voxel level and P < 0.05 at the cluster level with at least 100
contiguous voxels after family-wise error (FWE) correction.
Region of Interest Analysis
Five regions of interest (ROIs) were defined on the basis of the
group result of the contrast (semantic judgment > number
judgment) in the control session (Oz stimulation). The ROIs
corresponded to the ventrolateral prefrontal cortex (vlPFC, peak
activation: −54, 12, 18), the vATL (peak activation: −33, −9, −39),
the posterior middle temporal gyrus (pMTG, peak activation:
−57, −39, 6), the premotor (PMC, peak activation: −48, −3, −39),
and the supplementary motor area (SMA, peak activation: 0, 6,
57). The homologous areas in the right hemisphere were also de-
fined as ROIs (vlPFC = 54, 12, 18; vATL = 33, −9, −39; pMTG = 57,
−39, −6; PMC = 48, −3, 39). All were defined as a spherical ROI
with a radius of 5 mm. The MarsBar toolbox was used to define
and analyze ROIs.
DCM Analysis
DCM is a method to estimate and make the inference of inter-
action in a predefined set of brain regions in different experimen-
tal contexts (Friston et al. 2003). In DCM, hemodynamic signals
are modeled as changes in local neuronal activity which is
mediated by experimental inputs. The ensuing neuronal interac-
tions, distributed among brain regions, are translated into the
observed blood oxygenation level-dependent (BOLD) signal. The
strength and direction of regional connectivity are calculated by
comparing the observed regional BOLD responses with the BOLD
responses predicted by the underlying neuronal model. Three
types of parameters are estimated: the intrinsic connections
independent of experimental perturbations; the changes in the
intrinsic couplings between regions induced by the experimental
conditions (i.e., modulatory effect); and direct influences of the
external input or stimuli on a given region (i.e., driving input).
The first step in the DCM analysis was to define 3 intrinsic
models (summarized graphically in Supplementary Fig. 4). All 3
models comprised the same 4 seed regions but varied the pattern
of interconnections. There were 2 vATL (bilateral) seed regions.
These were defined at the individual level from the first eigen-
variate of the fMRI signal at a liberal threshold of P < 0.01 (uncor-
rected) within a sphere of 5 mm radius derived from the effect of
interest. All 3 intrinsic models included the same bilateral con-
nectivity between the vATLs. Given the use of visual stimuli in
Figure 2. Behavioral experiment. (a) Left vATL TMS site. (b) Averaged TMS effects across participants for synonym judgment and number judgment tasks after cTBS over
the left vATL or the control site (Oz). Error bar represents standard errors. *P < 0.05 (P values were corrected by FDR procedure).
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our experiment, we assumed that the activity of the vATL seeds
was driven by visual areas. Accordingly, like the vATL areas,
left and right visual seed regions were defined from the group
contrast (semantic judgment > number judgment) in the control
stimulation session (peak activation: −24 −84 −6; 21 −93 −3).
Based on these 4 seed regions, we set up 3 intrinsicmodels repre-
senting potential hypotheses about interregional connectivity
between the visual and vATL areas (in all subsequentmodulatory
models, the first intrinsic model framework was found to be the
bestmodel—which is shown in Fig. 6a, the other intrinsicmodels
are shown for completeness in Supplementary Fig. 4). In the
second step of the DCM analysis, we crossed the 3 intrinsic
framework models with 3 types of modulatory model (resulting
in 9 DCM models)—designed to test 3 potential effects of stimu-
lation. The analyses were repeated separately for vATL and
control Oz stimulation according to task block (the semantic
task results for vATL stimulation—the effect of core interest in
this study—are summarized in Table 1 and Fig. 6c,d; and for the
control site stimulation in Supplementary Table 2; the control
task results are summarized in Supplementary Fig. 5 andTable 3).
We established the modulatory models utilizing a similar
approach to a previous study which employed DCM in an explor-
ation of language function (Hartwigsen et al. 2013). Utilizing the
full time-series of data, we then applied a Bayesian model selec-
tion (BMS) random-effects analysis to determine which of the 9
DCM models were the most likely given the observed fMRI data
(Stephan et al. 2009). Finally, we extracted individual-specific
estimates for parameters of interest in the winning model, in-
cluding the driving input, the strength of intrinsic connections
between the left vATL and the right vATL, and the impact of the
modulations on the intrinsic connections by cTBS at the left
vATL. These parameters were entered into Bonferroni-corrected
1-sample t-tests to assess differences from zero and paired




We first investigated the effects of cTBS on semantic processing
by comparing participants’ performance on the synonym judg-
ment task and the control task (number judgment) with and
without cTBS over the left vATL and the occipital pole (Oz). Reac-
tion times (RT) were examined using a repeated-measures
analysis of variance (ANOVA) with task (synonym judgment vs.
number judgment), site (left vATL vs. Oz), and TMS (TMS vs. no
TMS) as within-subjects factors. There was a significant main
effect of task (F1,9 = 32.37, P < 0.001). The other main effects and
interactions did not reach the significance level (Fs < 3.04,
Ps > 0.12). To detect a task-specific TMS effect, a 2 × 2 ANOVA
was conducted for each task separately. For the synonym judg-
ment task, there were no significant main effects of site (F1,9 =
0.17, P = 0.69) and TMS (F1,9 = 2.65, P = 0.19), but the interaction
was significant (F1,9= 6.64, P < 0.05). Post hoc paired t-tests evalu-
ating the interaction revealed that RT for synonym judgment
slowed following the left vATL stimulation relative to the base-
line (no TMS) [t(9) = 2.94, P < 0.05]. Note that the slowing effect of
cTBS over the left vATL was highly consistent across the partici-
pants. 9 out of 10 participants showed increased RT after cTBS of
the left vATL. For the control task, there were no significant
effects found (Fs < 0.64, Ps > 0.45). Even though a substantial
main effect of task was found in the 3-way ANOVA, subsequent
analyses clearly demonstrated the task-specific TMS effect in
RT only after vATL stimulation. The error ratewas also examined
in a repeated-measures ANOVAwith task, site, and TMS as with-
in-subject factors. There was a significant main effect of task
(F1,9 = 17.84, P < 0.05), but the other main effects and interactions
were not significant (Fs < 4.36, Ps > 0.07) (see Supplementary
Fig. 1).
To evaluate the TMS effects found in RT, we computed the
normalized TMS effect (the RT difference between the TMS con-
dition andnoTMS condition divided by the RT in the no TMS con-
dition). Planned comparisons (paired t-tests) were carried out for
each task with and without TMS at each site. We found that cTBS
over the left vATL significantly increased RT during the synonym
judgment task comparedwith the control task [t(9) = 2.16, P < 0.05]
and compared with the control site [t(9) = 3.14, P < 0.05] (Fig. 2b).
These behavioral cTBS findings replicated previous 1 Hz rTMS
studies which targeted the ATL using a variety of semantic
tasks (Pobric et al. 2007, 2009, 2010a, 2010b, 2010c), adding further
evidence to the observation that the vATL is a critical region
for semantic processing. Additionally, for the purposes of the
current investigation, this first experiment confirmed the use
of ATL cTBS for combination with fMRI in the second “perturb-
and-measure” experiment.
cTBS-fMRI Experiment
The behavioral results in the cTBS-fMRI experiment were similar
to the behavioral experiment conducted with a separate partici-
pant cohort. The behavioral measurements (accuracy and RT)
were examined using a repeated-measure ANOVA with task
(synonym judgment vs. number judgment) and site (left vATL
vs. Oz) as within-subject factors. It should be noted that there
was no baseline (No TMS) for the cTBS-fMRI experiment. For
accuracy, as expected, there was no significant TMS effect
found (Fs < 1.84, Ps > 0.19). For RT, there was a significant main
effect of task (F1,21 = 10.44, P < 0.005) and an interaction between
the task and stimulation site (F1,21 = 12.66, P < 0.005). Post hoc
paired t-tests evaluating the interaction revealed that RT for
synonym judgment slowed following the left vATL stimulation
compared with the control stimulation [t(22) = −3.47, P < 0.005]
(see Supplementary Fig. 2).
To identify the neural network involved in semantic process-
ing, we conducted a GLM analysis by contrasting synonym judg-
ment with number judgment. A random-effects analysis after
the control stimulation revealed strong activations in the left
vlPFC (peak activation: −54, 12, 18; z = 6.82), the left vATL (peak
activation: −33, −9, −39; z = 5.72), the left pMTG (peak activation:
−57, −39, 6; z = 5.35), the left PMC (peak activation: −48, −3, 39; z
= 5.73), the SMA (peak activation: 0, 6, 57; z = 5.38), and bilateral
occipital cortex (peak activations: −12, −90, −9; z = 7.81 and 12,
−87, −3; z = 7.72). Similarly, the activation map for the left vATL
stimulation session showed strong semantic activations in the
left vlPFC (peak activation: −57, 15, 21; z = 6.43), the left vATL
(peak activation: −39, −15, −27; z = 5.25), the left pMTG (peak ac-
tivation: −57, −36, 6; z = 6.58), the left PMC (peak activation: −45,
−3, 51; z = 5.20), the SMA (peak activation: −3, 15, 54; z = 4.22), and
bilateral occipital cortex (peak activations: −12, −87, −12; z = 7.76
and 18, −81, −6; z = 7.57) (Fig. 3; see Supplementary Table 1). This
overall semantically related activation pattern replicated results
from a recent distortion-corrected spin-echo fMRI study which
employed in the same task (Binney et al. 2010). Furthermore,
our data are consistent with previous studies that have shown
vlPFC, vATL, and pMTG to be involved in semantic cognition
(Binder et al. 2009, 2010; Visser et al. 2010, 2012; Noonan et al.
2013) plus PMC and SMA as reported in neuroimaging studies of
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reading and speech production (McGuire et al. 1996; Tremblay
and Gracco 2006). The bilateral occipital activationwas attributed
to orthographic visual processing or semantic feedback to the
visual areas (Hon et al. 2009). In short, the dual-echo fMRI task
data confirmed that the typical full set of semantically related re-
gions was activated by the task, and thus, this paradigm was a
suitable one to explore the effects of vATL stimulation across
this semantic neural network.
Next, we examined the effect of cTBS over the left vATL. Five
ROIs were determined by the results of the control stimulation
(vlPFC, vATL, pMTG, PMC, and SMA). To explore the remote effect
of cTBS during semantic processing, we also added the homolo-
gous areas in the right hemisphere (vlPFC, vATL, pMTG, and
PMC). We observed that cTBS over the left vATL not only de-
creased activation at the targeted left vATL [t(22) = 3.79, P < 0.01]
but also increased activation at the homologous right vATL
[t(22) =−2.32, P= 0.05] (Fig. 4a). The right pMTG showed increased
activation after cTBS at the left vATL compared with the control
site [t(22) = −2.06, P = 0.06] (Fig. 4b). The other ROIs did not show
any significant changes (Fig. 4d–f ). This analysis clearly demon-
strated that cTBS successfully modulated activation at the target
site and connected homolog regions. These finding confirmed
our prediction that cTBS over the left vATL would alter regional
activity in brain areas involved in semantic processing.
In addition, we investigated the effects of cTBS across the
whole brain according to the stimulation sites by comparing
the whole-brain activation maps of the left vATL with that of
the control site. Relative to cTBS over the control site, cTBS over
the left vATL significantly reduced deactivations in the posterior
cingulate cortex (PCC, peak activation: 6,−36, 39; z = 4.20) and pre-
cuneus (peak activation: 12, −54, 33; z = 4.50) during synonym
judgment compared with the control condition. We also found
activity changes in the right vATL (peak activation: 51, 0, −33;
z = 3.92) and bilateral angular gyrus (peak activation: −48, −63,
42; z = 3.31 and 42, −69, 39; z = 3.64) with amore liberal Puncorrected
< 0.001 (10 voxels) after applying a small volume correction (SVC
within a 10 mm sphere, PFWE-corrected< 0.05) in cTBS over the left
vATL compared with the control site (see Supplementary Fig. 3).
To explore the link between neural changes and task perform-
ance, we analyzed which region demonstrated a changed level of
correlation with semantic RT performance after left vATL versus
Oz stimulation. The right vATL was identified as the only signifi-
cant region (peak activation: 51 0 −33, PSVC-FWE< 0.05). Following
Oz stimulation, there was no significant correlation between the
(semantic–control task) BOLD effect and task performance in this
region. Yet following left vATL stimulation, there was a signifi-
cantly enhanced relationship such that the right vATL’s activity
was negatively correlated with semantic task RT—that is, those
participants with enhanced semantic performance (shorter
RTs) had higher right ATL activation (Fig. 5).
The Effect of cTBS on Effective Connectivity
We used DCM to explore the changes in the interactions between
the vATL bilateral network after suppression of the left vATL by
cTBS. If the neural structure of semantic processing is a bilateral
system, as previously proposed (Lambon Ralph et al. 2001; Pobric
et al. 2009; Schapiro et al. 2013; Lambon Ralph 2014), we would
expect there to be increased facilitatory input from the right to
left vATL after cTBS. To test this hypothesis, we defined the bilat-
eral vATL as well as bilateral visual cortex (VC) as seeds, because
semantic processingwas triggered by visual stimuli in our experi-
ment. We specified mutual intrinsic connections between vATL
seeds and connections from VC to vATL in each hemisphere
(Fig. 6a). Intrinsicmodels reflecting other possible visual input in-
teractions were also established and tested (see Supplementary
Fig. 4a). On the basis of this intrinsic model, we established
3 modulatory models expressing potential interregional connec-
tions between vATL seeds during semantic processing (Fig. 6b).
Among 3 modulatory models tested, BMS (Stephan et al. 2009)
confirmed model 1 as the winning model with a modulatory
connection from the left vATL to the right vATL after cTBS of
the left vATL for the semantic and control task (see Supplemen-
tary Fig. 4b top). For the control stimulation, same modulatory
models without the driving (stimulation) input at the left vATL
were tested, and model 3 was identified as the winning model
(see Supplementary Fig. 4b bottom).
Our data demonstrated that cTBS over the left vATL signifi-
cantly increased intrinsic connectivity from the right vATL to
the left vATL [t(22) = 6.25, P < 0.001] relative to the control
Figure 3. Brain activation maps of the synonym–number judgment contrast for the vATL stimulation (top) and the control stimulation (bottom). Activations displayed in
the red/yellow color scale are survived at the cluster level, PFWE-corrected< 0.05 with at least 100 voxels.
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stimulation (Fig. 6c) and control task [t(22) = 5.07, P < 0.001] (see
Supplementary Fig. 5). This finding supports our hypothesis
that cTBS of the left vATL inhibited its activation and induced
an adaptive upregulation of the homologous right vATL
which, in turn, changed the intrinsic interregional connection
to compensate current interruption in the system. The intrinsic
connectivity after the control stimulation were facilitatory con-
nections bilaterally [the left vATL→ the right vATL: t(22) = 59.88,
P < 0.001; the right vATL→ the left vATL: t(22) = 37.01, P < 0.001].
It is important to note that, even in the “intact” system, the
vATLs in the each hemisphere were mutually positively con-
nected. Following cTBS over the left vATL, this semantically
related bilateral connectivity was upregulated 5-fold such
that it was significantly higher than the intrinsic connection
[t(22) = −3.07, P < 0.005] and also greater than the bilateral vATL
functional connection following stimulation of the control region
[t(22) = 3.12, P < 0.005] (Fig. 6d). Furthermore, the modulatory con-
nection of the semantic task was significantly stronger than
that of the control task after cTBS over the left vATL [t(22) = 3.14,
P < 0.005] (see Supplementary Fig. 5). For the control task, the
connectivity was not significant regardless of the stimulation
site (ts < 1.64, Ps > 0.12) (see Supplementary Fig. 5). It is noted
that the modulatory connection after the control stimulation
was not significant (ts < 1.17, Ps > 0.26) (Fig. 6d). The details of
this DCManalysis are summarized in Table 1 and Supplementary
Tables 2 and 3.
Discussion
Converging evidence has implicated the ATLs, bilaterally, as a cru-
cial component in semantic representation. To date, however, it
has been unclear how the 2 ATL regions interact to form a
coherent functional system and in a manner that makes the
system relatively robust to unilateral perturbation or damage.
We were able to provide novel insights about these critical issues
by disturbing the function of the left vATL with cTBS and using
dual-echo fMRI to assess the consequences on behavior, changes
in the level of activity, and alterations of interregional activity as
well as interregional connectivity across the semantic network.
Our results suggest that semantic representation is founded on a
flexible, adaptive bilateral neural system and reveals an intrinsic
adaptive plasticity-based mechanism that might support func-
tional recovery after unilateral damage in neurological patients.
We observed that compared with cTBS over the control site,
stimulation of the left vATL resulted in a selective slowing of
semantic processing (mimicking the effect observed in patients
after unilateral ATL resection) (Wilkins and Moscovitch 1978;
Lambon Ralph et al. 2012). This inhibitory behavioral effect of
Figure 4. Effects of cTBS of the synonym–number judgment contrast for the vATL stimulation (gray color bar) and the control stimulation (white color bar) in ROIs (a,b,d–f ).
(c) Locations of ROIs. Error bar represents standard errors. *P < 0.05, **P < 0.01 (P values were corrected by FDR procedure).
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vATL cTBS on semantic performance has been reported by previ-
ous studies which employed 1 Hz ATL rTMS to demonstrate tran-
sient selective semantic impairment across verbal and nonverbal
domains as well as in receptive and expressive tasks (Pobric et al.
2007, 2009, 2010a, 2010b, 2010c). Importantly, for the purposes of
the present study, it confirmed thatwe could use vATL cTBS to in-
duce a “virtual lesion” that selectively affects semantic cognition.
The fMRI results showed that cTBS over the left vATL de-
creased the regional activity at the target site as well as increased
activity at the homolog right vATL. This increased activity at the
right vATL strongly predicted semantic performance only after
left vATL stimulation, whereas therewas no correlation following
Oz stimulation. This finding supports our hypothesis that when
the left vATL was perturbed by TMS stimulation, the homolog
right vATL was upregulated to compensate the temporary dis-
turbance in the semantic system. In addition, we observed that
vATL cTBS evoked reduced deactivation in PCC/precuneus and
angular gyrus,which are key regions in the defaultmodenetwork
(DMN). Previous investigations, which have differentiated the
DMN from the semantic network, have demonstrated that both
precuneus and AG “deactivate” in comparison with “rest” for a
range of semantic and nonsemantic tasks, whereas ATL is
positively activated for the semantic task (Lambon Ralph 2014;
Humphreys et al. 2015). Thus, the reduced deactivation in the
PCC/precuneus and AG after vATL stimulation might be related
to a change in the recruitment of the DMN as general mental
resource rather than semantic function.
To our best knowledge, this is the first study to demonstrate
effective connectivity between left and right anterior temporal
regions after a focal virtual lesion. The benefit of employing
effective connectivity analysis is that it provides directional in-
formation about the interaction between areas. Previous studies
have provided contrastive hypotheses about the role of the unle-
sioned homotopic region in language recovery following unilat-
eral damage, which could be either beneficial or nonbeneficial
(Chollet et al. 1991; Price and Crinion 2005; Hamilton et al.
Figure 5. Right vATL activity predicted semantic RT after cTBS over the left vATL (top). Scatter plot shows the behavioral correlation in the right vATL following cTBS to
either the left vATL or the control (Oz) site (bottom). Red circles represent semantically related individual activity in the right vATL after left vATL stimulation. Blue
diamonds represent the same right vATL activation-behavioral correlations (nonsignificant) after control stimulation.
Table 1 Parameter estimates of the winning model for the vATL
stimulation
Parameter Mean SD t P value
Intrinsic connection
Left vATL→ right vATL 0.004 0.001 27.31 <0.001**
Right vATL→ left vATL 0.024 0.018 6.25 <0.001**
Left VC→ left vATL 0.001 0.004 2.14 0.044
Right VC→ right vATL −0.004 0.014 −1.46 0.157
Modulation by cTBS
Left vATL→ right vATL 0.019 0.284 3.13 <0.005**
Driving input
cTBS over left vATL −0.002 0.001 −10.98 <0.001**
Left visual input 0.001 0.001 3.78 <0.001**
Right visual input 0.002 0.001 5.70 <0.001**
Note: **P < 0.01, 2-tailed, Bonferroni-corrected.
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2011). For example, we found that cTBS over the left vATL caused
an upregulation in the right vATL. This upregulation could be
interpreted in terms of an interhemispheric disinhibition of the
right vATL, which results in a maladaptive overactivation. Alter-
natively, the right vATLmight increase its (positive) contribution
to sustain function after damage in the left vATL, leading to an
adaptive upregulation. The DCM analyses showed that the
increased activation in the right vATL, after the suppression of
the left vATL, leads to enhanced connectivity from the right
vATL to the left vATL. Accordingly, the results cannot be explained
by a consequence of reduced interhemispheric inhibition caused
by cTBS. If that were the case, we would observe a negative con-
nectivity between vATLs without stimulation and a reduced nega-
tive connectivity from the left to right vATL after the left vATL
stimulation. Rather, our findings support the alternative hypoth-
esis by demonstrating that the perturbation on the left vATL pro-
duced an increased facilitatory drive fromthe right to the left vATL.
DCM analysis also demonstrated that, during the synonym
judgment task, cTBS increased the facilitatory influence (modu-
latory connectivity) which may contribute to the upregulation
in the right vATL. It would appear, therefore, that the cTBS-
induced changes in modulatory connectivity reflect alterations
to the existing intrinsic connectivity. Following stimulation of
the control site, there was no significant task-related connectiv-
ity between vATLs, and thus, it would seem that cTBSmodulates
intrinsic connectivity which, in turn, influences the task-specific
interregional connectivity (Grefkes et al. 2010).
Despite its potential power to reveal the network dynamics
underpinning higher cognition, there are currently very few neu-
roimaging studies that have examined TMS-induced changes in
language networks. One study, targeting Wernicke’s area with
rTMS, showed increased task-related activity in homologous
brain regions contralateral to the stimulated sites during word
recognition task (Andoh and Paus 2011). The researchers sug-
gested that the increased activity in homologous areas after
rTMSwas a formof adaptive plasticity in the nondominant hemi-
sphere reflecting an interhemispheric compensatory mechan-
ism. Another study, which used cTBS to stimulate Broca’s area,
also showed an increase in the homologous brain region activa-
tion (Hartwigsen et al. 2013). Subsequent DCM analysis revealed
an increase in the facilitatory drive from the right inferior frontal
gyrus (IFG, nonstimulated region) to the left IFG (stimulated re-
gion) during speech processing, indicating another example of
short-term plasticity. A recent rTMS study (Binney and Lambon
Ralph 2015) also found evidence of right homolog upregulation
of activity in response to left lateral ATL rTMS, although this
Figure 6. Results of semantic task DCM analyses (see Supplementary Fig. 5 for results of control task). (a) The intrinsic model with intrinsic connections (solid arrows) of
bilateral vATL and fromVC to vATL. (b) The 3 differentmodulatorymotels tested. Themodels have the externalmodulation by cTBS over the left vATLwith different set of
modulatory connections (solid arrows). (c) The results of intrinsic connectivity. cTBS over the left vATL increased intrinsic connectivity from the right vATL to the left vATL
comparedwith the control stimulation (fat solid arrow). (d) The results ofmodulatory connectivity. cTBS over the left vATL increased the semantically relatedmodulatory
connectivity of the winning model (fat solid arrow) compared with its intrinsic connectivity and control task connectivity. The modulatory connections of the control
stimulation are not significant (dotted arrows).
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study did not examine changes in the functional connectivity.
Consistent with similar explorations of nonlanguage domains
(Lee et al. 2003; Sack et al. 2005; O’Shea et al. 2007), these findings
suggest that after transient inhibitory stimulation, a compensa-
tory short-term reorganization can occur, with a positive upregu-
lation of the contribution from the homologous area in the
contralateral hemisphere. As well as providing important in-
sights about the dynamic, rapid plasticity within intact neural
networks, these results also suggest that this compensatory re-
organization, driven from the homologous hemisphere, might
be able to preserve and restore function—which is particularly
important for considering the neural bases for long-term recov-
ery of function after brain damage or neurosurgery.
A second linked feature of our results is the observation that
the compensatory right vATL contribution to semantic function
arose from the system being inherently bilateral in nature. Specif-
ically, the DCM results indicated that there are positive, facilita-
tory, intrinsic interhemispheric connections between vATL
regions. This result not only indicates that the adaptive change
(following left vATL stimulation) is founded on the intrinsic con-
nections, but it also fits with other data indicating that the seman-
tic system is supported through a bilateral, interconnected ATL
system (Pobric et al. 2009, 2010a, 2010b, 2010c; Lambon Ralph,
Sage, et al. 2010; Lambon Ralph et al. 2012; Schapiro et al. 2013).
Following classical studies of unilateral versus bilateral ATL resec-
tion in nonhuman primates and human participants (Brown and
Schafer 1888; Klüver and Bucy 1939; Terzian and Ore 1955), recent
computational models and neuropsychological data indicate that
substantial semantic impairment only follows when ATL damage
is bilateral in nature (Lambon Ralph et al. 2001; Patterson et al.
2007; Schapiro et al. 2013). In comparison, patients with unilateral
damage (at least in the chronic phase after spontaneous recovery)
can present with very much better, albeit not entirely normal, se-
mantic function (LambonRalph, Cipolotti, et al. 2010; Bi et al. 2011;
Lambon Ralph et al. 2012). The current cTBS-fMRI investigation
might provide important clues about the mechanism which al-
lows patients with unilateral ATL damage to function so well
after a period of recovery. Specifically, the inherent bilateral inter-
actions and rapid contralateral compensatory upregulationwould
allow the system, over time, to recovery semantic function. This
hypothesis is consistent with a recent investigation of the func-
tional connectivity of ATLs in chronic poststroke aphasic patients
(Warren et al. 2009), which found that the patients’ remaining de-
gree of functional connectivity between (intact) anterior temporal
regions lobes was correlated with their recovered comprehension
performance. Taken together, these findings suggest that both of
the left and right ATL play critical roles in semantic processing,
not only individually, but also by interacting with each other
through thewhitematter connections in the anterior commissure
tracts (Demeter et al. 1990; Catani et al. 2002; Schmahmann and
Pandya 2006).
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Supplementary material can be found at: http://www.cercor.
oxfordjournals.org/online.
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